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Histone protein synthesis is activated as cells enter S phase to allow packaging of the newly replicated DNA
into chromatin. In this issue of Developmental Cell, Takayama and coworkers elucidate a mechanism for
silencing histone expression at the end of S phase inS. pombe. Failure to shut off histone expression disrupts
centromeric chromatin structure.Replication of the genome in eukaryotes
requires both replication of DNA and
synthesis of large amounts of histones to
package the newly replicated DNA into
chromatin. In all eukaryotes, the levels of
histone mRNAs are cell cycle regulated
with their accumulation activated as
cells approach entry into S phase and
rapidly decreasing when DNA replication
is completed. Recent findings clearly
demonstrate that it is as important to
shut off histone synthesis at the end of S
phase as it is to initiate it at the start of S
phase. The mRNAs that encode the bulk
of the histone proteins, termed replica-
tion-dependent histone mRNAs, are
tightly cell cycle regulated. In all organ-
isms, there are additional histone genes
that encode variant histones, such as
centromeric histone H3, that are ex-
pressed outside of S phase. It is likely
that one problem that ariseswhen replica-
tion-dependent histones are overex-
pressed or expressed outside of S phase
is that they disrupt the proper incorpora-
tion of the variant histones into chromatin.
In this issue of Developmental Cell,
Takayama et al. (2010) report the mecha-
nism by which histone gene transcription
is inactivated at the end of S phase in
Schizosacchromyces pombe, resulting in
rapid disappearance of histone mRNA
and cessation of histone synthesis. In
both budding and fission yeast, histone
mRNA levels are controlled primarily at
the level of transcription and the mRNAs
have very short half-life, resulting in
their rapid appearance and disappear-
ance when the rate of histone gene tran-
scription changes. A major regulator of
histone gene expression is the core-
pressor HIRA in both budding and fission
yeast, (Spector et al., 1997; Blackwellet al., 2004). Several years ago, Takahashi
and coworkers (Chen et al., 2003) showed
that in S. pombe, histone gene transcrip-
tion required the transcription activator,
Ams2, and that the Ams2 protein was
cell cycle regulated, being present pri-
marily in S phase. Ams2 is necessary
for histone gene expression since muta-
tion of HIRA does not restore histone
gene expression in Ams2 mutants. Here,
they show that Ams2 is unstable when
expressed in G2 cells but stable in
S phase and that degradation was medi-
ated by ubiquitination. They further identi-
fied the ubiquitin ligase as one of the
SCF E3 ligases, containing the F-box
protein Pof3, one of the three F-box
proteins involved in cell cycle regulation
in S. pombe (Katayama et al., 2002).
Changes in electrophoretic mobility of
Ams2 during the cell cycle led to the
demonstration that a highly phosphory-
lated form of Ams2 was likely recognized
by the SCF complex. One kinase essential
for the degradation of Ams1 is the
Hsk-Dfp kinase, which has no obvious
homolog in metazoans or budding yeast.
The Dfp subunit is cell cycle regulated,
present in S phase where it is essential
for entry into S phase and also present in
G2 as a different phosphoisoform (Brown
and Kelly, 1999). Whether the specificity
of Hsk1-Dfp is different between S and
G2 phases or whether there are other
kinases also required for degradation of
Ams2 is not known.
Failure to degrade Ams2 at the end of
S phase or constitutive expression of
Ams2 from a strong promoter results in
growth inhibition, persistent expression
of histonemRNA, and chromosome insta-
bility. An Hsk ts mutant also causes
severe chromosome instability (SnaithDevelopmental Cell 1et al., 2000), consistent with degradation
of Ams2 being required for proper chro-
mosome transmission. In cells where
Ams2 is not degraded, analysis of the
centromeric chromatin by micrococcal
nuclease digestion and chromatin immu-
noprecipitation demonstrated that the
core centromeric chromatin structure
was disrupted. These centromeres incor-
porated not only the usual histone H3-
Cenp, but also canonical histone H3 and
excess H4, suggesting an increased num-
ber of nucleosomes and hence a denser
packing of nucleosomes as a result of
inappropriate histone expression. The
observation that mutants in Hsk1-Dfp
also have defects in centromeres (see
also Snaith et al., 2000) thus expands
Hsk1-Dfp function to include not only the
initiation of histone gene expression and
DNA replication at entry into S phase but
also the termination of histone gene
expression in G2.
This study emphasizes the importance
of production of proper amounts of
histone protein to successful replication
and transmission of the chromosomes.
There are multiple mechanisms to ensure
that there is not overproduction of histone
protein. In addition to the regulation of
histone protein synthesis by both tran-
scription activators and repressors, there
is a pathway of histone protein degrada-
tion that is necessary to prevent overac-
cumulation of histones; disruption of this
pathway results in chromosome instability
(Gunjan and Verreault, 2003) analogous
to the results discussed above. Multiple
mechanisms also regulate histone mRNA
levels in metazoans. Here, the replication-
dependent histone mRNAs differ from
other mRNAs in that they are not polyade-
nylated, and the unique 30 end of histone8, March 16, 2010 ª2010 Elsevier Inc. 335
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PreviewsmRNAs is a major cis element for cell
cycle regulation in mammalian cells (Mar-
zluff et al., 2008). In addition to regulation
of histone gene transcription, formation of
the 30 end of histone mRNA is regulated,
and processing is inhibited at the end of
S phase. At the end of S phase, the half-
life of histone mRNA is also greatly
reduced, rapidly shutting down histone
protein synthesis. A cell cycle-regulated
factor necessary for histone pre-mRNA
processing, the stem-loop-binding protein
(SLBP) has an expression pattern similar
to Ams2 in S. pombe, being expressed
only in S phase cells. Like Ams1, SLBP
is degraded at the end of S phase as
a result of phosphorylation, in this case
by cyclin A/Cdk1 which is active at
the end of S phase (Koseoglu et al.,
2008). Inappropriate synthesis of the
replication-dependent histone proteins
outside of S phase likely also causes pro-
blems with chromatin structure in meta-
zoans. In Drosophila, blocking histone
pre-mRNA processing by mutations in
SLBP results in production of polyadeny-
lated histone mRNAs, which are not
degraded rapidly when DNA replication
is inhibited. These mutations exhibit336 Developmental Cell 18, March 16, 2010 ªgenetic instability as well as affecting
heterochromatin formation and cell prolif-
eration (Salzler et al., 2009), consistent
with production of histone protein in
G2 phase disrupting normal chromatin
structure.
These studies point out the importance
of producing the right amount of histones
at the correct time, and this paper clearly
demonstrates the defect in chromatin
structure caused by overexpression of
histones in G2 phase. Given the critical
role of histone variants in epigenetic regu-
lation of chromatin structure, it is likely
also critical to properly balance the syn-
thesis of canonical histones and histone
variants in S phase, and to avoid produc-
tion of histones in G1 phase. There are
hints of sophisticated regulatory mecha-
nisms in Drosophila that act to balance
the production of canonical histones and
variant histones. Knockdown of variant
histone H2av or mutants lacking the
H2av gene, have defects in the biosyn-
thesis of the canonical histones, suggest-
ing there is a mechanism to maintain
proper balance of synthesis of the two
types of histone protein during S phase
(Marzluff et al., 2008).2010 Elsevier Inc.REFERENCES
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Pre-mRNA splicing, once thought to be a strictly posttranscriptional event in gene expression, is subject to
a multitiered network of regulation. Luco et al. now report in Science that this regulation seems to begin with
chromatin modifications, suggesting that the histone code may be a prequel to the splicing code.Intervening sequences (or introns) in most
eukaryotic genes must be removed to
produce mature mRNA during gene
expression. Pre-mRNA is often alterna-
tively spliced to give rise to mRNA
isoforms that, in many cases, encode
functionally distinct protein products.
Although splicing can take place in cell-
free extracts, independent of transcrip-tion, mounting evidence suggests that
the process is largely cotranscriptional,
and thus subjected to influence by the
transcription process, particularly tran-
scription elongation. In a study recently
published in Science, Luco et al. (2010)
have now further extended this coupling,
opening a new chapter in connecting the
histone code to regulated splicing.First noticed by Ahringer and col-
leagues, exons show enrichment of
the histone H3 lysine 36 trimethyl
(H3K36me3) mark relative to introns in
the genome of the nematode Caenorhab-
ditis elegans (Kolasinska-Zwierz et al.,
2009). Several groups quickly realized,
through reanalyzing published nucleo-
some mapping results (particularly from
